We report the extreme sensitivity of dielectric permittivity to applied dc bias electric field in bulk LuFe 2 O 4 . A small bias field of 50 V / cm can greatly reduce the dielectric permittivity in the vicinity of room temperature, which is in strong contrast to conventional ferroelectric materials where a large electric field of the order of tens of kV/cm is required. This giant dielectric tunability effect within a broad temperature interval around room temperature is very promising for tunable device applications. The possible origins of this giant effect are discussed.
Ferroelectric materials with a high dielectric tunability, i.e., a strong dependence of their dielectric permittivity on the applied dc bias electric field, have potential usefulness for many devices. [1] [2] [3] [4] The dielectric tunability n is defined as the ratio of the dielectric permittivity of the material at zero electric field to its permittivity at an applied electric field E 0 , n = ͑0͒ / ͑E 0 ͒. The relative tunability ͑n r ͒ is defined by
The appropriate level of tunability for tunable device applications ͑n r ജ 0.3͒ is practically achievable in a number of ferroelectric materials such as Sr 1−x Ba x TiO 3 , Cd 2 Nd 2 O 7 , and K͑Ta 1−x Nb x ͒O 3 . 1,2,4,5 However, a high tunability in conventional ferroelectric materials usually requires a large dc electric field in the order of tens of kV/cm. For bulk materials in the form of ceramics or crystals, the high dc electric field means that a very high dc voltage of the order of kilovolts is desired for efficient tuning, which apparently limits the applicability of bulk materials in tunable devices. Besides, conventional ferroelectric materials usually exhibit a high but strongly temperature dependent tunability in the vicinity of the ferroelectric transition temperature. As a result, a high tunability only retains in a narrow temperature interval. Furthermore, ferroelectrics with a high tunability at room temperature have been rarely found. In this letter, we report our exciting finding in a bulk LuFe 2 O 4 sample which exhibits a high dielectric tunability in quite low bias electric fields over a broad temperature interval around room temperature. [9] [10] [11] The spontaneous polarization is generated by a polar arrangement of the ordered Fe-3d charges because the centers of Fe 2+ and Fe 3+ ions do not coincide. Such ferroelectricity, termed as "electronic ferroelectricity," is in contrast to conventional ferroelectrics in which the displacement of cation and anion pairs plays an essential role.
Although there have been some studies on the dielectric properties of LuFe 2 O 4 , 12,13 the dielectric tunability has not been investigated so far. In this work, we have studied the dielectric tunability of LuFe 2 O 4 as a function of temperature and ac field frequency. The experiments were performed on a ceramic sample of LuFe 2 O 4 which was prepared by a solid state reaction method. A stoichiometric mixture of highpurity Lu 2 O 3 ͑99.99%͒, Fe 2 O 3 ͑99.9998%͒, and Fe ͑99.99%͒ metal powders was well ground. The pelletized samples were sintered at 1100°C in evacuated quartz tubes for 48 h. Powder x-ray diffraction showed that the samples are single phase. The sample for dielectric measurements was prepared by applying silver electrodes to the polished surfaces of a thin pellet with a thickness of 1.0 mm and attaching an electrode to each face by using silver paint. The dielectric response was measured by using a NF ZM2353 LCR meter at various frequencies ͑10-200 kHz͒ with an excitation of 1 V from 100 to 320 K. Direct current bias ͑DCB͒ voltage was supplied by a Keithley 2400 source meter. The temperature during the dielectric measurements was controlled by a Quantum Design superconducting quantum interference device. Figure 1͑a͒ shows the temperature dependence of dielectric permittivity of LuFe 2 O 4 under zero bias field. The permittivity shows a small value close to zero at temperatures well below the ferroelectric transition. With increasing temperature, it shows a sudden rise and reaches a large value ͑Ͼ10 000͒ around room temperature. As observed in previous reports, our sample also exhibits a strong frequencydependent dielectric response ͑dielectric dispersion͒. The sharp transition shifts to higher temperatures with increasing frequency. This dispersion is also clear in the dielectric loss response. As shown in Fig. 1͑b͒ , the peak of loss tangent, tan ␦, monotonically shifts to higher temperatures with increasing frequency of the ac field. The large dielectric dispersion in LuFe 2 O 4 was interpreted in terms of the electron a͒ Author to whom correspondence should be addressed. Electronic mail: youngsun@aphy.iphy.ac.cn. hopping ͑fluctuation͒ on iron ion which causes the motion of ferroelectric domain boundary. 9 Figure 2 shows the dielectric permittivity of LuFe 2 O 4 at 100 kHz as a function of temperature under zero and a 5 V DCB voltage. A large difference between two curves appears above 250 K as the permittivity is greatly suppressed in a 5 V dc bias voltage, indicating a high tunability. This result is striking because a 5 V dc bias voltage applied on a 1 mm thick sample only generates a small bias electric field of 50 V / cm. Normally, such a small field would cause negligible changes in dielectric permittivity for conventional ferroelectrics since the required bias field for noticeable changes is in the order of kV/cm. To confirm this extreme sensitivity of on bias electric field, we further measured as a function of dc bias voltage with a cycle from positive to negative 5 V at 300 K. As shown in the inset of Fig. 2 , the permittivity quickly changes with either positive or negative dc bias voltages. The hysteresis observed in the field dependence of usually indicates the ferroelectric ordering and the presence of domains.
14,15 A 5 V bias voltage is able to suppress from 12 000 to 5800, more than 50%. Therefore, these results unambiguously demonstrate a giant dielectric tunability effect in bulk LuFe 2 O 4 .
In order to gain the details of the variation of with DCB and ac frequency, we performed a series of measurements of permittivity as a function of DCB at various temperatures and frequencies. Figure 3 presents the representa- tive results at three frequencies, 10, 100, and 200 kHz. For comparison, the data are normalized by the initial permittivity in zero DCB, ͑0͒. At low temperatures where the tunability is small, almost linearly varies with increasing bias field. At higher temperatures, the variation shows apparent curvature, with a slow change in initial low fields, a fast change in the intermediate field, and a slow down in high fields. The permittivity is more sensitive to dc bias field at lower frequency. At 10 kHz, a small dc bias field of 50 V / cm is able to suppress the permittivity by 80% at 240 K. Figure 4 shows the relative tunability n r , defined in Eq. ͑1͒, under a 50 V / cm bias field as a function of temperature at different frequencies. Unlike conventional ferroelectric materials where the tunability is strongly temperature dependent and shows a sharp peak in a narrow temperature range, the tunability in LuFe 2 O 4 exhibits a broad peak so that a high tunability retains in a broad temperature interval. Such a broad operating temperature interval around room temperature is very promising for applications. With increasing frequency, the maximum value of n r decays, while the broad peak shifts to higher temperatures. Interestingly, although n r has a strong frequency dependence at low temperature, it is nearly the same around room temperature.
In addition to a high tunability, a low dielectric loss is also necessary for tunable device applications. The loss tangent in our sample is around 0.2-0.5 at room temperature and increases in a dc bias field. This seems to be the only disadvantage of bulk LuFe 2 O 4 for tunable applications. However, the dielectric loss depends on many extrinsic factors such as defects. 1 A much lower loss is usually found in high-quality single crystals. Moreover, there have been some strategies to effectively reduce the dielectric loss, for example, by making ferroelectric-dielectric composites and layered structures.
1 Therefore, the relative high dielectric loss in the polycrystalline LuFe 2 O 4 sample may not become a significant obstacle for practical applications.
The physical origin of the giant dielectric tunability effect in bulk LuFe 2 O 4 is still a puzzle. On one side, this giant effect could be intrinsically related to the spectacular electronic ferroelectricity in LuFe 2 O 4 . In general, the reduction of dielectric permittivity under a dc bias field is mainly due to the suppression of polarization fluctuation. In conventional ferroelectrics where the polarization arises from cation and anion pairs, this process involves the displacement of ions and lattice distortion, which usually requires a high energy. As a result, a high electric field is required to induce a noticeable reduction in permittivity. In contrast, the electronic ferroelectricity in LuFe 2 O 4 arises from a polar arrangement of the ordered Fe-3d charges instead of cation and anion pairs. Therefore, the polarization fluctuation in LuFe 2 O 4 is directly correlated with the charge fluctuation of 3-d electrons of iron. The energy required for charge motion of 3-d electrons could be much lower than the case of ion displacement. Consequently, a small electric field could sharply reduce the charge fluctuation on Fe ions, leading to a large reduction in permittivity. On the other side, we cannot exclude extrinsic contributions to this giant effect at this stage. It has been proposed that the Schottky barriers at the electrode interfaces could introduce a remarkably strong change in dielectric constant at very small applied fields. 16 We have repeated the experiments on several samples and found that the dielectric tunability depends on the thickness of samples and the quality of electrodes, 17 which indicates that the Schottky barriers introduced by electrodes could play a role. Although the present experiments unambiguously demonstrate the giant dielectric tunability at low frequencies ͑f ഛ 200 kHz͒, it is not clear at this stage whether this giant effect would remain in microwave frequencies. Unfortunately, we are currently unable to measure the dielectric response at higher ac frequencies due to the limitation of apparatus. The dielectric properties of LuFe 2 O 4 in microwave frequencies, as well as the underlying mechanism of this giant effect, certainly deserve further studies.
